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by which cleaved GFR1 receptors act in axon guidanceThe Bound Leading the Bound:
are likely to be modifications of the mechanisms pre-Target-Derived Receptors Act viously described for prototypical chemoattractive cues
(Tessier-Lavigne and Goodman, 1996), and assumingas Guidance Cues
this, a number of models seem plausible (see Figure).
First (model 1), secreted or cell surface GRF1 mole-
cules (red) may act to sequester GDNF (blue), thereby
Developing axons are guided to their targets by che- increasing the local concentration of GDNF in receptor-
moattractive and chemorepulsive ligands. Ledda et al., rich regions. High concentrations of GDNF could thus be
in this issue of Neuron, demonstrate that the target- available for presentation to c-Ret/GFR1-expressing
derived receptor glial cell line-derived neurotrophic axons (black). Second (model 2), diffusible GFR1 re-
factor receptor 1 (GFR1) can also act in trans as an leased by a distant target tissue could create a gradient
axon guidance molecule for neurons. of receptor molecules. Even in the presence of a uniform
concentration of GDNF, this receptor gradient should
be able to create a gradient of GDNF-GFR1 complexesGlial cell line-derived neurotrophic factor, or GDNF, was
that can activate c-Ret-expressing axons in trans. Alter-first identified based on its ability to promote the survival
natively, a gradient of GFR1 may act to enhance aof midbrain dopaminergic neurons and since then has
preexisting gradient of GDNF. As most cell types thatbeen shown to play a number of functional roles beyond
release soluble GFR1 also express GDNF (Airaksinensurvival. For instance, GDNF has been shown to be
and Saarma, 2002), the latter seems a more likely sce-required for the development or maintenance of multiple
nario for what would occur in vivo. In the third modelclasses of peripheral neurons as well as for regeneration
(model 3), GFR1 molecules deposited in the extracellu-following nerve injury (Airaksinen and Saarma, 2002).
lar matrix or on the surface of cells (i.e., Schwann cells)GDNF is also important in motor neuron branching at
would delineate a pathway (yellow) contacted by c-Ret-the developing neuromuscular junction (Airaksinen and
expressing axons. GDNF-GFR1 complexes could thenSaarma, 2002) and in modulating synaptic plasticity
activate c-Ret in trans, thereby stimulating their growth(Wang et al., 2001).
along the pathway. Finally, the fourth model (model 4)The glial cell line-derived neurotrophic factor (GDNF)
proposes that GFR1 facilitates target recognition.family of ligands (GDNF, neurturin, artemin, and per-
GFR1 produced within a target tissue (green) couldsephin) activates the receptor tyrosine kinase c-Ret via
potentiate activation of c-Ret signaling by allowing bothligand-specific coreceptors (GFR1-4, respectively),
cis and trans activation. Potentiation of c-Ret signalingboth of which are expressed by developing sympathetic
would be predicted to induce neurite branching andand sensory neurons. In addition to being expressed by
extension in the target region, thus beginning the first
neurons, GFR receptors are also expressed in
steps of presynaptic differentiation.
Schwann cells and many peripheral targets in the ab-
A mechanism similar to that illustrated in model 1 has
sence of c-Ret receptors, raising the question of what previously been proposed to explain how the low-affinity
role these target-derived GFR1 receptors play during neurotrophin receptor p75 in Schwann cells may use
neural development. The GFR receptors are tethered neurotrophins to guide axons expressing Trk receptor
to the plasma membrane by a glycosyl-phosphotidyli- tyrosine kinases during development and nerve regener-
nositol (GPI) linkage. Because GPI-linked proteins can ation (Johnson et al., 1988). Although sGFR1 may serve
be cleaved and released from the membrane, it is possi- to concentrate GDNF in vivo, the results described by
ble that GFR receptors can activate neighboring cells Ledda et al. demonstrate attraction of axons toward a
bearing the signaling receptor c-Ret in the presence of source of sGFR1, even in the presence of saturating
ligand. This form of signaling has been deemed trans amounts of GDNF. The ability of sGFR1 to make GDNF
signaling to distinguish it from cis signaling that occurs even more concentrated than is required to induce a
when a GFR on the same cell activates c-Ret (Airaksi- maximal response would seem irrelevant in this case. It
nen and Saarma, 2002). is thus likely that sGFR1 also has the ability to augment
The article by Ledda et al. in this issue of Neuron normal GDNF signaling in neurons.
(Ledda et al., 2002) is the first to demonstrate that a The mechanisms proposed in models 2, 3, and 4 de-
GPI-linked receptor can act non-cell autonomously as scribe how trans activation of c-Ret in the presence of
a guidance cue for neurons. The authors demonstrate GDNF signaling can potentiate activation of down-
that soluble forms of GFR1 (sGFR1) are produced by stream signaling molecules as well as allow GDNF-medi-
targets of c-Ret-expressing sensory and sympathetic ated responses by non-GFR1-expressing neurons. In
neurons and are able to stimulate neurite outgrowth in addition to the elegant results presented by Ledda et al.,
the presence of GDNF. Furthermore, in the presence observations from other groups lend support to these
of a uniform concentration of GDNF, c-Ret-expressing models. For example, GDNF and sGFR1 can enhance
axons are directed toward a source of sGFR1 or along survival of enteric neurons in culture compared to GDNF
pathways marked by immobilized sGFR1, indicating a treatment alone. Interestingly, neurturin can enhance
role for GFR1 in axon guidance. survival of enteric neurons via sGFR2, demonstrating
that trans activation is not unique to GFR1 (Worley etIt seems reasonable to assume that the mechanisms
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of c-Ret is sufficient to allow recruitment of c-Ret to
rafts. Tansey et al. have shown in a neuroblastoma cell
line, Neuro 2a, that although GFR1 in trans can activate
c-Ret, it does not activate downstream effectors of
c-Ret, because of an inability of trans GFR1 to rapidly
translocate c-Ret to lipid rafts in the membrane (Tansey
et al., 2000). The same group that conducted the study
in this issue of Neuron has previously demonstrated that
sGFR1 does activate downstream targets of c-Ret in
the presence of GDNF, albeit trans activation is delayed
and sustained for a longer time period compared to cis
activation (Paratcha et al., 2001). The apparent contra-
diction with the results of Tansey et al. can be resolved
by the observation that trans activation of c-Ret targets
also involves recruitment of c-Ret to lipid rafts. However,
trans recruitment of c-Ret to lipid rafts requires tran-
scription, translation, and c-Ret kinase activity, whereas
cis recruitment does not (Paratcha et al., 2001). The
different kinetics of target activation and requirements
for c-Ret translocation suggest that distinct mecha-
nisms are likely to be responsible for activation of c-Ret
signaling pathways when GFR1 is supplied in trans
versus cis. Because of the distinct mechanisms of action
of cis and trans GFR1, one might expect cooperativity
between the two mechanisms. Indeed, this hypothesis is
supported by experiments demonstrating that although
trans GFR1 in the presence of GDNF can support en-
teric neuron survival, the combination of cis and trans
GFR1 has a greater effect than either one alone (Worley
et al., 2001).
The GFR receptors are not the only neurotrophic
factor receptor family for which trans signaling has been
postulated. Like the GDNF family of ligands, the cyto-
How Do Target-Derived Receptors Act as Guidance Cues? kines, including interleukin-6 (IL-6), initiate signaling via
See text for details. a common cytokine receptor (gp130) and a specific cor-
eceptor (IL-6R) (Marz et al., 1999). Soluble IL-6R can
be released from the cell surface by proteolytic cleavage
al., 2001). Further experiments should be conducted to
or generated by alternative splicing of the IL-6RmRNA.
investigate whether GFR3 and GFR4 can also act
The ability of IL-6R to signal in trans was shown by an
in this manner. Evidence that sGFR1 trans signaling experiment demonstrating that the combination of IL-6
occurs in vivo comes from the observation that in and soluble IL-6R but not IL-6 alone can induce differ-
GDNF/ mutant mice there is a loss of cutaneous in- entiation of PC12 cells and enhance survival of sympa-
nervation (presumably due to decreased levels of GDNF) thetic neurons (Marz et al., 1999). It has not yet been
by axons that do not express GFR1 (Airaksinen and determined whether soluble cytokine receptors act in
Saarma, 2002). An alternative hypothesis for this phe- vivo as guidance cues for axons and glia or aid in at-
nomenon is that these neurons normally respond to tracting immune cells to the site of neuronal injury.
GDNF via GFR2 or that the target tissue is defective The results presented by Ledda et al. also provide
due to decreased GDNF signaling. evidence that the cyclin-dependent kinase Cdk5 is es-
The importance of trans signaling by GFR receptors sential for GDNF-mediated axon guidance. Previous
in neurons has been controversial. Lipid rafts are spe- studies have revealed roles for Cdk5 in neuronal migra-
cialized compartments of the plasma membrane high in tion and axon fasciculation as well as regulating actin
cholesterol and sphingolipids that are enriched for a dynamics, neurofilament assembly, and adhesion mole-
variety of signaling molecules, including GPI-linked, cule expression (Dhavan and Tsai, 2001). Interestingly,
acylated, palmitoylated, and myristoylated proteins. the Cdk5 activator proteins p35 and p29 are myristoy-
GPI-linked GFR1 is located in lipid rafts, whereas c-Ret lated and are likely to be located in lipid rafts (Dhavan
is normally located outside lipid rafts. Upon GDNF treat- and Tsai, 2001). The recruitment of c-Ret to lipid rafts
ment, c-Ret forms a complex with GFR1 and is re- may therefore be essential for activation of Cdk5. Future
cruited to lipid rafts where c-Ret interacts with lipid raft experiments investigating how Cdk5 becomes activated
adaptor molecules such as Src and Frs2, which in turn in neurons and why it is essential for directed axon
activate intracellular signaling cascades (Paratcha et al., growth would be very informative. Furthermore, the
2001; Tansey et al., 2000). ubiquitous expression of Cdk5 and its activator proteins
Translocation of c-Ret to lipid rafts by GFR1 is there- in neurons suggests that Cdk5 may be important for
fore essential for maximal c-Ret signaling, but there have axon guidance in response to a variety of ligands in
addition to GDNF.been opposing viewpoints on whether trans activation
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The potent ability of GDNF to stimulate survival and (2000). Neuron 25, 611–623.
neurite outgrowth in a wide variety of neurons has made Tessier-Lavigne, M., and Goodman, C.S. (1996). Science 274, 1123–
it an attractive candidate for therapeutic approaches 1133.
to treat nervous system damage. However, one of the Wang, C.Y., Yang, F., He, X., Chow, A., Du, J., Russell, J.T., and Lu,
pitfalls of present GDNF treatment strategies is an inabil- B. (2001). Neuron 32, 99–112.
ity to restrict exogenous GDNF to the damaged tissue. Woolf, C.J., and Bloechlinger, S. (2002). Science 297, 1132–1134.
The consequences are clearly demonstrated in the case Worley, D.S., Pisano, J.M., Choi, E.D., Walus, L., Hession, C.A.,
of a Parkinson’s disease patient treated by intracerebro- Cate, R.L., Sanicola, M., and Birren, S.J. (2001). Development 127,
4383–4393.ventricular injections of GDNF. The patient demon-
strated severe side effects, including nausea, loss of
appetite, hallucinations, depression, and inappropriate
sexual conduct (Kordower et al., 1999). The ability of
sGFR1 to guide the activity of GDNF, potentiate axonal
growth responses, and confer responsiveness to non-
Spinsters, Synaptic Defects,GFR1-expressing neurons demonstrates its promise
as an effective adjuvant in treating nervous system dam- and Amaurotic Idiocy
age. It is also possible that GDNF signaling may be
further potentiated by creating a “hyper-activated” chi-
meric ligand containing GDNF linked to GFR1 by a
In this issue of Neuron, Sweeney and Davis present aflexible chain of amino acids. A similar approach has
beautiful characterization of Drosophila mutants in abeen used to generate hyper-IL-6 molecules that are
gene named spinster. The results indicate a functiongreater than 100 times more active than IL-6 and sIL-
of the endocytic pathway in regulating transforming6R supplied in combination (Marz et al., 1999).
growth factor- (TGF-) signaling at the DrosophilaFurther investigation may also reveal that the pres-
motor synapse. This study provides important newence of receptors able to function as guidance mole-
information at an intersection of several disciplines,cules may be even more widespread than the example
including membrane traffic, lipid organization, synap-given here. For example, the Nogo receptor is a GPI-
tic signaling, and neurodegenerative lysosomal stor-linked coreceptor and therefore has the potential to act
age disease.in trans on cells expressing the as yet unidentified sig-
naling receptor. For instance, the recently described
ligands for the Nogo receptor, Nogo-A, myelin-associ- During the three instars of larval life, the Drosophila
ated glycoprotein (MAG), and oligodendrocyte myelin embryonic motor synapse undergoes a more than 50-
glycoprotein (OMgp), are well known inhibitory signals fold expansion and this expansion is influenced by a
for neurons (Woolf and Bloechlinger, 2002). As it has number of physiological factors. These likely include
already been shown that certain “ligands” can also homeostatic feedback elicited by demands from grow-
transduce signals through “receptors” to the cytosol of ing muscle as well as positive plasticity responses of
adjacent cells, it should not be surprising that “recep- motor neurons to neural activity (Davis and Goodman,
tors” can also function outside the cell by regulating the 1998). Genetic screens, enabled by the visualization of
presentation of guidance cues. It seems that the dividing fluorescently marked motor terminals in undissected lar-
line between “ligand” and “receptor” is becoming more vae, have identified several Drosophila mutants with
blurred the more that we learn about signaling events heritable defects in motor neuron arborization. Molecu-
between cells. lar analysis of functions disrupted in these mutants has
begun to provide important new information on regula-
tory mechanisms that control synaptic growth.Steven A. Crone and Kuo-Fen Lee
A mutant with highly expanded synaptic arbors wasThe Salk Institute
previously shown to be affected in a presynaptic ubiqui-La Jolla, California 92037
tin ligase, Highwire (Hiw), whose function may be antag-
onized by a ubiquitin hydrolase called “Fat Facets” thatSelected Reading
regulates membrane traffic in the Drosophila eye (DiAn-
tonio et al., 2001). A different mutant with shrunken syn-Airaksinen, M.S., and Saarma, M. (2002). Nat. Rev. Neurosci. 3,
383–394. aptic arbors carries loss-of-function alleles in the type-2
TGF- receptor Wishful thinking (Wit) required exclu-Dhavan, R., and Tsai, L.H. (2001). Nat. Rev. Mol. Cell Biol. 2, 749–759.
